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PREFACE 
Experimental interfacial tension data have been obtained for sys-
tems of ethane in propane, propane in normal butane, and propane in 
isobutane. Da~a were obtained at temperatures as close to the critical 
temperature, as predicted from a modified Rackett equation, as possible. 
The experimental data were compared to the interfacial tension pre-
dicted by th~ Ferguson eq~ation .for pure components and the Weinaug 
and Katz correlation for binary mixtures. 
I wish to express my thanks to Dr. R. N. Maddox for his guidance 
as my thesis adviser. I would also like to thank Mr. M. B. Miller 
for his advice in hand.ling the experimental apparatus. 
I expre13s my gratitude to the.National Science Foundation for the 
financial support which enabled me to successfully complete my degree 
requirements. 
Very special thanks go to my wife, Rosalyn, for her patience and 
encouragement during my graduate work. 
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Interfacial tension is a measure of the boundary energy existing 
between two phases. In~erfacial tension is useful in characterizing 
some processes of heat transfer or mass transfer in multiphase systems. 
As there is a paucity of interfacial tension data available, this 
study was undertaken to fill in a few of the gaps in the available 
literature. 
The goal of this study was to produce data on light hydrocarbon 
binaries near the critical region. Binaries of ethane in propane, pro-
pane in isobutane, and propane in normal butane were considered. The 
. 00. 3 0 critical temperatures of these mixtures were between 10 F and 10 F, 
temperatures common in industrial unit operations. 
The experimental data were obtained using a pendant drop apparatus. 
In this method, liquid drops are suspended from a capillary tip into 
a vapor space. In .this study, the vapor present was the equilibrium 
vapor of the liquid. A photograph is then taken of the drop. The 
interfacial tension is determined by measuring the equatorial diameter 
and a selected diameter of the drop from the photograph. This allows 
experimental measurements to be made without disturbing the drop 
during or prior to the acquisition of data. The photograph also 
provides a permanent record of the data. 
CHAPTER II 
LITERATURE SURVEY 
In.t~is work, the definitions·of surface tension and interfacial 
tension of Andreas et al. (2) will be used. Andreas defines surface 
tension as the boundary tension between a liquid and, a gas o:r vapor. 
The term interfacial tension applies when the liquid and the gas or 
vapor are in equilibriUI!l., 
The pendant drop method was used, in t~is work to obtain interfacial 
te:n,sion. In this system, a drop of. liquid is suspended from a capil-
lary tip into an atmosphere of its equilibrium vapor. The composition 
of the liquid.was fixed. 
A mathematical description of the drop has been given by Deam (3) 
in accordance with earlier works. The description is based on the 
Laplace and Young Equation (1) .for the pressure difference across the 
interfac:e. 
P = y ( 1/R + 1/R' · ) (1) 
The expression for the surface tension, Y; de.rived from this equation 
is shown in Equation (2). 





Associated with this equation is a shape factor, s, defined in 
Equation (3). 
s = d /d s · e (3) 
The expression for the shape dependent parameter, 1/H, in Equation (2) 
is given in Equation (4). 
1/H 1 (4) 
s· ( d /b )2 
.e 
As shown in Figure 1, d is the equatorial diameter of the drop, and 
e 
d is the diameter of the drop at a selected plane a distanced from 
s e 
the vertex of the drop. The radius of curvature at the apex of the 
drop is denoted by b. The gravita~ional constant is g, and the phase 
densities are pl and Pv· Sis a parameter defined in Equation (5), 
( 5) 
Both band Sare difficult to me~sure precisely and quickly from 
a photograph of the drop, hence the shape factor (S) and the shape 
dependent parameter (1/H) are employed to describe the drop shape. 
Numerical tabulations of Sas a function of 1/H have been prepared by 
Stauffer (15) for values of S from 0,30 to o.66. Values of S from 
0.67 to 1.00 as a function of 1/H have been determined by Fordham (7), 
Together, the.se tables cover the range of drop shapes normally 
encountered. 
The procedure for. determining the interfacial tension of a drop 
was to obtain a photograph of the drop, measure the selected and 
3 
4 
Figure 1. Pendant Drop Profile 
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equatorial diameters of' the drop from the photographic negative, and 
then calculate the shape factor, S. Then the numerical tabulations of' 
Sas a function of l/H were used to find 1/H. Finally, the interfacial 
tension was calculated.from Equation (2), 
Hough and Stegemeier used the pendant drop procedure to determine 
the interfacial tension of propane (8) and normal butane (9) near the 
critical temperature. The data obtained by these workers were cqm-
pared to similar data obtained in this work. The data of Rossini, 
et al. (14), for isobutane were compared to the data obtained in this 
work. 
As indicated.by both Deam (3) and Niederhauser and Bartell (12), 
tbe pendant drop method is an absolute procedure; that is, it does not 
require .calibration with a substance of known interfacial tension. A 
major advantage of the method is that, since a photograph of the drop 
is taken and the necessary measurements made from the photograph, no 
disturbance of the drop is necessary during or prior to the collection 
of data. The major drawback is the sensitivity of the clarity of the 
pbotographs to the alignment of the optical system. Arry misalignment 
causes a photograph with blurred edges, thus introducing uncertainty 
intq the drop measurements not due to the measuring instrument itself, 
Predictive Correlations 
For pure components, the correlation presented by van der Waals 
(16) and later confirmed by Ferguson: (6) was adopted to predict the 
interfacial tension and·to compare the predicted interfacial tension 




The correlation of Weinaug and Katz. (17) was . chosen· for comparison 
with the experimental data of mixtures because of its applicability 
at elevated pressures. The equation these workers developed is given. 
in Equation ( 1) • 
(7) 




The pendant drop apparatus employed for this study. is pred.ominantly 
the same as that used by Miller (10). Miller described the apparatus 
as being composed of five subsystems. These subsystems were the cell 
and temperature control subsystem, the instrumentation subsystem, the 
sample introduction subsystem, the evacuation and sample disc):J.arge 
subsystem, and the optical subsystem. 
The only modification of this apparatus for use in this study was 
made to the sample introduction subsystem. A micrometer valve was 
installed between the inlet stop valve and the cylinder as shown in 
Figure 2. Drop sizes much smaller than those encountered by Miller 
were expected for this work, as data were to be taken near the critical 
temperature. At the critical temperature, the interfacial tension is 
identically zero. The micrometer valve was included to provide more 





















An experimental run consisted cf determining the interfacial 
tension of a mixture of known liquid.composition for a number of 
different temperatures. The temperature range spanned from about 120°F 
to as near the critical temperature as possible. Normally, data were 
ta.ken to within 15°F of the critical temperature. 
The systems considered were propane in ethane, propane in isobutane, 
and propane in normal butane. The propane in ethane mixtures studied 
were thirty-four, seventy-four, and one· hundred per cent propane, the 
propane in isobutane mixtures were zero, twenty-nine, seventy, and one 
hundred per cent propane, and the propane in normal butane mixtures 
were zero, seventy-three, and one hundred per cent propane. The 
source and purity of .the chemicals used to prepare the mixtures were: 
Component Quality Purity Source 
ethane pure grade 99 mole % Phillips 
Petroleum 
minimum Company 
propane instrument grade 99.5 mole % Phillips 
Petroleum 
minimum Company 
isobu.ta.ne instrument·grade 99.5 mole % Phillips 
Petrole~ 
minimum Company 





Before the start of each experimental run, the cell was. cleaned, 
As the first step in cleaning the cell, it was evacuated to less than 
one.inch of mercury absolute. Then, the cell was flushed with the 
heavier component of the system to be run. The final step in the 
cleaning procedure was to evacuate the cell again to a pressure of 
less than one inch of mercury. 
After the cleaning procedure was completed, the cell was placed 
into an alcohol cooler in which the cell was cooled to approximately. 
-30°F. Then the heavier component was introduced into the liquid 
reservoir through the feed line and allowed to condense until liquid 
could be seen at the bottom of the viewport. Then the cell was. 
immersed in the constant temperature bath and· allowed to reach equili-
brium at the lowest temperature for the run. As the liquid expanded 
on heating, enough was removed through the sample line to maintain 
the liquid level at .the bottom of the viewport. This prevented damage 
to the 0-ring seals which could occur if the liquid were permitted to 
completely fill the cell, 
Thermal equilibrium was assumed when successive readings of both 
the liquid temperature and the vapor pressure taken at least thirty 
minutes apart were identical. The liquid temperature was monitored by 
an iron~constantan thermocouple in the liquid reservoir. A pressure 
transducer monitored the vapor pressure. 
After thermal equilibrium was achieved, interfacial tension data 
were taken for ·the pure component • The needle valve and the mi.crometer 
valve in the feed line were opened and the piston was allowed to rise 
under the pressure inside the cell, thus sucking some of the vapor 
into the feed line. Since not all of the feed line was surrounded by 
11 
the temperature bath, its temperature was slightly lower than that of 
the cell and the vapor condensed in the feed line. As soon as the 
vapor had sufficient time to condense, the piston was forced down into 
the cylinder with the vernier screw. This forced a drop of liquid to 
emerge from the tip of the capillary. 
The extension of the drop from the capillary tip is an important 
element of the drop shape. The minimum extension for a useful drop, 
as indicated by Niederhauser: and Bartell (12), is a drop length equal 
to its equatorial diameter. In this case the selected plane and the 
capillary tip are coincident. The maximum size drop is the largest 
drop that will remain on the capillary tip, Miller (10) describes a 
drop functioning like a lens in which light incident on one side is 
concentrated into two distinct regions. This indicates a drop larger 
than the minimum. This criterion was applied to drops used in this 
work. 
Often during a run, it was necessary to change the capillary tip. 
This occurred when the drops became smaller than the capillary diameter, 
making the drop highly unstable and difficult to control. It also 
became necessary when the drops were so large as to be nearly spherical. 
These drops, according to Stauffer (15), have the highest inherent 
inaccuracy •. Spherical drops occur when a capillary of too small 
diameter is used. 
At temperatures where the interfacial tension was higher than three 
or four dynes per centimeter, the vernier screw gave adequate control 
over the drop size. However, at smaller values of interfacial tension, 
even very small adjustments of the vernier screw caused a cascade of 
drops instead of a single discrete drop. In this event, the micrometer 
,. 
12 
valve just below the piston was utilized for drop control. The change 
in the total volume of the feed line as this valve closed :was small 
enough to prevent forcing a cascade of drops out of the capillary. 
Once a.drop was forced out, the valve could be opened or closed 
precisely enoµgh for good drop control. 
Once the drop has been formed and its extension adjusted, a 
photograph of the drop was taken. A number of photographs were taken 
at each temperatu~e point .. These photographs were then projected on 
the Vanguard CD-11 motion analyzer, The equatorial, capillary, and 
selected plane diameters were measured for each drop. 
After data for the pure heavy component were taken, the cell was 
cooled to the lowest temperature for the first binary run and allowed to 
reach thermal equilibrium. The light component was then introduced 
through the sample line until the vapor pressure for the binary with the 
smallest amount of light component was reached. The N.G.P.A. Kand H 
value program (5) was used to estimate this pressure. After allowing 
several hours for the system to reach equilibrium, a sample of the 
liquid was withdrawn through the sample line into a sample bomb. First, 
sufficient vapor was bled so that all vapor present in the line would· 
be removed. Then the liquid was allowed to vaporize completely and 
discharge into the sample bomb. The bomb was filled to a pressure of 
about 35 psig. The composition was then checked by chromatographic 
analysis. 
After the desired composition was reached, interfacial tension 
data were taken in the same manner as for the pure component. The 
composi-tion was rechecked after ea.ch capillary change and at the en.d 





Experimental data were obtained.for ethane in propane, propane 
in isobutane, and propane .. in normal butane. Data were taken at a 
number of com.positions for each system. At each composition, data 
were obtained over a temperature range from 125°F to as near the CJ;"iti-
cal temperature as possiple, Since equilibrium was attained before 
any data were taken, the system pressure was the saturation pressure 
of the mixture at the system temperature. 
To obtain the interfacial tension from the photographs of the 
liquid drops, the equatorial and selected diameters of each drop were 
first measured from the photographic negative·• The shape dependent· 
parameter of Equation (2), (de 2/H), was then calculated from these diam-
eters. The liquid density was predicted from a modified Rackett equa-
tion, (13) pr9granuned .for digital computer by Deam, Kellizy, and 
Maddox (4). The Redlich-Kwong equation of state as formulated in the 
N.G.P.A. Kand H program (5) was used to predict the vapor density. The 
values of d 2/H, the liquid density, and the vapor density were 
e 
then used in Equation (2) to calculate the interfacial tension. 
The results of th\r'ee compositions of ethane in propane are 
presented in Tables X - XII of Appendix B. Table I gives the 









ARITHMETIC MEAN INTERF.ACIAL TENSIONS FOR 


































their arithmetic mean temperature, These values of interfacial tension 
are plotted at constant composition in Figure 3 as a function of 
temperature, 
Tables :XIII through X!v of Appendix B give the results of three 
compositions of propane in normal butane. The arithmetic mean values 
of interfacial tension at arithmetic mean temperature points are given 
in Table II. Figure 4 is a plot of these values of interfacial tension 
at constant composition as a function of temperature. Figure 5 is a 
cross plot from Figure 4 showing interfacial tension as a function of 
composition for lines of constant temperature. 
TaQles X:VI through ~VIII of Appendix B show the results of three 
compositions of propane in isobutane. Table III gives the arithmetic 
mean values of interfacial tension at arithmetic mean temperature points 
for these mixtures. This data is shown in Figure 6 as a plot of 
interfacial tension as a function of temperature at constant composi-
tion. Figure 7 is a cross plot from Figure 6 showing interfacial 























Temperature, Degrees F. 
Figure 3, The Interfacial Tension for Mixtur·es of Ethane and 
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Temperature, Degrees F. 
Figure 4. The Interfacial Tension for Mixtures of 
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Mole Fraction Propane in N-Butane 
Figure 5, The Interfacial Tension for Mixtures of 










. TABLE III 
ARITHMETIC MEAN INTEB.FACIAL.TENSIONS FOR 
THE PROPANE" AND ISOBUTANE 














































































Temperature, Degrees F. 
Figure 6. The Interfacial Tension for Mixtures 





























0 0.2 o.4 
Mole Fraction Propane in Isobutane 
Figure 7. The Interfacial Tension for Mixtures of 




DISCUSSION OF RESULTS 
The expedmental.data.obtained in this work for pure propane and 
pure normal butane were compared with similar data available in the· 
literature. The available literature for isobutane does .. not . include 
data near th.e critic al temperature, so the· data of this work was .com-
pared with data. at lower temperatures, 
The experimental data for the pure components were also ·compared. 
with the interfacial tension predicted by the correlation of ;Ferguson 
( 6). Data for each of the mirlures were compared with the interfacial 
tension. preqicted by the correlation developed by Weinaug and Katz (17), 
The Ferguson equation constants.for propane and normal butane 
were evaluated from the. data of Hough and Stegemeier (8) (9), The 
constants for isobutane were derived from the curves found in the 
1966. N.G.P.S.A. data book (11). Parachors for each component were 
taken from the paper by Weinaug and Katz describing their correlation. 
The liquid densities needed for the Weinaug and Katz correlation were 
evaluated through the modified Rackett program ( 4), Molecular weights, 
vapor phase compositions, and vapor phase densities were obtained 
through the N.G.P.A, Kand H program (5), Critical constants were taken 
from the 1966 N.G.P.S.A. da4a book~ 
The most probable error of the .method by which the data were 
obtai.ned is shown in Appendix C to be ±. 0,19 dynes/cm. The two 
r.l. 
25 
limiting factors of the precision were the precision of the measuring 
device used to measure the diameters of the drop and the accuracy of 
the density difference information used. The effect of these factors 
on the most probable error is the value given above. 
Constant liquid composition throughout each experimental binary 
run was assured by chromatographic analysis of a liquid sample before 
the start of each run, after each capillary change, and at the end of 
the run. In all cases, no detectable change occurred during the run, 
The chromatographic analysis could detect a change of one mole per cent 
or larger. 
Although Equation (2) was developed specifically for a static 
drop, a study comparing the interfacial tension calculated from photo-
graphs of drops in motion with the interfacial tension of static drops 
indicated that some motion can be tolerated. At least one photograph 
of a drop in motion was obtained for the thirty per cent propane and 
seventy per cent normal butane binary at 124,3°F., 150.2°F., 248.4°F., 
and 260.8°F. The mean interfacial tension at these temperatures 
ranged from 8.54 dynes/cm. to 0.25 dynes/cm. In each case, the inter-
facial tension calculated from.the photograph of the moving drop fell 
within the range of interfacial tension values calculated from photo-
graphs of the static drops. Data were also obtained for nine drops 
of the seventy per cent isobutane and thirty per cent propane binary 
at 199.8°F. Four of these drops were static and the other five were 
moving to some degree when the photographs were taken. The mean 
interfacial .tension of the four static drops was 2.12 dynes/cm. 
compared with a mean interfacial tension of 2,14 dynes/cm. for the five 
drops in motion. The range of interfacial tension values for the two 
groups of drops was similarly comparable, The .four static drops 
showed a range of 2.03 to 2,19 dynes/cm., while the range of the 
five moving drops was 2;07 to 2,19 dynes/cm. 
26 
Each of the drops in motion met two criteria. The time elapsed 
from the moment the drop began to emerge from the capillary tip until 
it fell from the tip of the capillary was at least one second. Drops 
falling faster than this often produced blurred photographs or tended 
to coalesce into a continuous stream of fluid. Drops moving this 
quickly also tended to vibrate from side to side. Photographs of 
drops moving from side to side were blurred on either side, thus pro-
hibiting the measurement of the drop diameters, or they were distinctly 
asymmetrical. The drop shape of asymmetrical drops cannot be charac-
terized by the drop shape parameter, 1/H. The minimum time of one 
second applies to drops of 2 dynes/cm. interfacial tension or smaller. 
Larger drops need proportionately longer formation times to be useful. 
Each of the drops also met the requirement for extension from the 
capillary tip explained previously. The necessity of photographing 
the drop when it is properly extended from the capillary tip is a 
further reason to use only those drops falling more than one second 
after they begin to form. 
Propane Experimental Results 
The arithmetic mean data points for propane, as shown in Table I, 
are compared graphically with the smoothed data of Hough and 
Stegemeier (8) in Figure 8. The experimental data of this work agree 
quite well with the data obtained by Hough and Stegemeier. The 
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~~- Curve from Smoothed 
Data of Hough and 
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100 200 
Temperature, Degrees F. 
Figure 8, _ Comparison ot' Experimental Interfacial 
Tension for Pure Propane to Data from 
Previous Works 
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of 0.03 dynes/cm. from the mean data points. The mean.data were com-
pared with the interfacial tension predicted by the method of Ferguson, 
The result of this comparison is shown in Table IV, The avera·ge 
absolute deviation of the predicted values from the experimental 
values was 10.22%. 
Normal Butane Experimental Results 
The result of a comparison of the experimental data for normal 
butane with the data of Hough and Stegemeier (9) is shown graphically 
in Figure 9, The experimental data points were the arithmetic mean 
values of Table II. Again the experimental data of this work show very 
good agreement with the data of Hough and Stegemeier. The experimental 
data for normal butane had an average absolute deviation of 0.10 
dynes/cm. from.the arithmetic mean data. In.Table V the experimental 
data are compared with the interfacial tension predicted by Ferguson's 
equation. The predicted values showed an average .absolute deviation of 
6.16% from the mean data points. 
Isobutane Experimental Results 
Figure 10 shows the experimental data points of Table III in 
conjunction with the data of Rossini, et al. (14), which was tak.en 
· at much lower temperatures. The graph indicates the two sets of data 
are reasonably compatible, although the data of Rossini were taken in 
air rather than in the equilibrium vapor. The average ~bsolute devia-
tion of the ·experimental data from the arithmetic mean data was 0.06 
I dyne$/cm, The interfacial tension values predicted from Ferguson's 





















































0 Experimental Data, this work 
~~- Curve from Smoothed Data of 
Hough and Stegemeier (9) 
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Figure 9. Comparison of Experimental Interfacial 
Tension for Pure Normal Butane to Data 
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Figure 10. Comparison of Experimental 
Interfacial Tension for Pure 





































The predicted values exhibited an average absolute deviation .of 4,29% 
from the mean· experimental data.· 
Mixtures of Ethane 
and·· Propane 
Tne arithmetic mean data of mixtures .of ethane and propane were 
presented in Table I. The average· absolute"'a.~iation of' the data for 
the twenty-six per cent ethane binary was 0,11. dynes/cm. The average 
absolute deviatio:Q. for the sixty-six per cent ethane binary was 0,07 
dynes/cm. Since.the interfacial tension reaches zero at the critical 
temperature, the curves in Figure 2 were extended to the critical 
temperature. The modified Rackett program ( 4) .was used to estimate 
the critical temperatures of these mixtures. The critical temperatures 
predieted were 177°F. for twenty-six per cent ethane and 133°F. for 
sixty-six per cent ethane, The .data points at 141. 5°F. and 149, 6°F. 
for the twenty-six per ~e:Q.t ethane binary were judged to be too high 
by O, 29 and O. 22 dynes/ cm. , respectively. This error was most likely 
due to misalignment of the optical system which resulted in rather 
blurred photographs. This defect was corrected before further data 
were taken. 
The experimental data for these mixtures were compared with the 
interfacial tension predict.ed by the ,correlation of Weinaug and. Katz·. 
In 'L'able VII,, the result.of this comparison is presented. The average 
absolute deviation of the predicted values from the experimental 
values was 22.66% for the twenty-six per cent ethane mixture and 
17.03%·for the.sixty-six per cent ethane binary. In every instance, 







INTERFACIAL TENSION OF MIXTURES OF 
ETHANE AND PROPANE 
Interfacial Tension . 
in dynes/cm. 
Temp. Mean Weinaug an.d 
Degrees F. Data Kat.z Equation · 
120.2 2.58 2.38 
140.4 1.60 L34 
145.1 1.68 1.12 
149.6 1.38 0.92 
99.8 l,·30 1.12 
109.6 0.75 0.70 
114.7 0.67 0.51 
120.0 o.46 0.32 
122.1 0.29 0.26 
Mixtures of Propane 
and Normal Butane 
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Table II showed the arithmetic mean data for mixtures of propane in 
normal butane containing thirty and seventy-three per cent propane. 
The average absolute deviation of the data was 0.08 d.ynes/cm. for the 
thirty per cent propane mixture and 0.06 d.ynes/cm. for the binary with 
seventy-three per cent propane. The curves drawn through the experi-
mental data in Figure 4 were extended to zero at the critical tempera-
tures of the mixtures. The critical temperatures were 268°F. for 
the thirty per cent propane mixture and 234°F. for the seventy-three 
per cent propane binary as predicted by the modified Rackett program. 
The curves of in~erfacial tension as a function of composition for 
lines of constant temperature in Figure 5 were derived from Figure 4 
and the propane curve of Figure 3, These curves showed a slightly 
smaller rate of change of i:ri.terfacial .tension with composition near 
the component of higher interfacial tension, the normal butane. How-
ever, the curves are nearly linear and become increasingly so as the 
temperature increasei, This nearly ideal behavior .is not unexpected 
for two components related as closely as are propane and normal butane. 
The arithmetic mean .data points of Table II were compared with 
the interfacial tension predicted from the Weinaug and Katz equation. 
The result of tb,is comparison is presented in Table VIII. There 
was an average absolute deviation of 22.12% from the data for the 
thirty per cent propane binary and a deviation of 24.80% from the 







INTERFACIAL TENSION OF MIXTURES OF 
PROPANE AND NORMAL BUTANE 
Interfacial Tension 
in dynes/cm. 
Temp. Mean Wein13,ug and 
Degrees F. Data Katz Equation 
124.3 8.54 7,33 
150.2 6.76 5,79 
199.1 3. 71 3,09 
224.2 2.22 1.86 
248.4 0. 71 o.83 
260.8 0.25 o.4o 
150.4 4.41 3,67 
175.5 2.56 2.30 
196.7 1. 79 1.28 
209.1 1.01 0.76 
224.8 0,34 0.22 
229.6 0.15 0.10 






INTERFACIAL TENSION OF MIXTURES OF 
PROPANE AND ISOBUTANE 
Interfacial Tension 
in dynes/cm • 
Temp. Mean Weinaug and 
Degrees F. Data Katz Equation 
124.2 6.14 4.69 
149.8 4.94 3,56 
173,3 3,55 2,57 
199,8 2.13 1.54 
223,7 0.98 0.72 
236.6 o.49 0,35 
244.6 0.26 0.15 
126.1 4.89 4,15 
150.5 3,44 2.90 
176.0 2.21 1. 70 
200.6 0.95 0,71 
215.1 0.34 0.23 
219.1 0.20 0.12 
40 
from the data for the seventy per cent propane mixture. The predicted 
values of interfacial. tension were consistently lower than the experi-
mental values. 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The purpose of this study was to investigate the behavior of the 
interfacial. tension of binary mixtures as the critical temperature 
w~s approached. Experimental data were obtained for mixtures of ethane 
in propane, propane in normal butane, and propane in isobutane. Data 
were also obtained for the pure substances propane, normal butane, and 
isobutane. The curves of interfacial tension as a function of ~empera-
ture exhibited an increasing rate of change with temperature as the 
critical temperature was approached. The experimental data obtained 
for normal butane and propane were compared to corresponding data in 
the literature and were found to agree well with that data. 
Experimental data were compared with predicted values of inter-
facial tension from an appropriate correlation. Ferguson's equation, 
used with pure components, agreed well with the experimental data. 
The average absolute deviation of values of interfacial tension pre-
dicted from the correlation of Ferguson from the mean data ranged 
from 4.3% to 10.2%. The correlation of Weinaug and Katz was used for 
the mixtures. Values of interfacial tension predicted from the 
Weinaug and Katz equation were lower than the values that were obtained 
experimentally. The average absolute deviation of interfacial tension 
I." 
42 
values predicted by the correlation from the mean data points ranged 
from 17,0% to 29,2%, 
Recommendations 
The single major factor in the speed with which data could be. 
taken and the reliability of this data was the quality of drop control 
that could be derived from· the apparatus. The major defect of the 
drop control system of the apparatus used in this study was inadequate 
shielding of the feed system from thermal effects. Often, a drop was 
pulled back into the capillary or forced off the tip with a jet of 
liquid caused by thermal contraction or expansion in the feed line 
before a photograph of the drop could be taken. 
Much of this could be elimin~ted by two modifications to the inlet 
line heat shield. One modification is to weld the heat shield to the 
top of the fitting connecting the inlet line to the vapor chamber. 
This would eliminate about four inches of exposed fittings now neces-
sary to attach the heat shield to the fee.d line!, The other change.is 
to plug the presently open upper end of the heat shield, providing two 
ports in the plug to allow the flow of water or air through the space 
between the heat shield and the inlet line. Figure 11 shows these 
modifications. The combination of these two system adjustments should 
give greater control over drop formation. 
It is also recommended that experimental density difference data 
be obtained for the binary systems .considered in this study. This 
information, when used with the values of d 2/H in Appendix B, could 
e 
increase the reliability of the interfacial tension of the binary 




















Figure 11, Recommended Modifications to 
the Sample Introduction 
Subsystem 
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Calibration curves for the cell thermocouple and the pressure 
transducer used to monitor the system temperature and pressure, respec-
tively, were prepared, The thermocouple was calibrated against three 
reference temperatures; the melting point of tin at 449.4°F., the boil-
ing point of distilled water under an atmospheric pressure of 746 mm. Hg 
at 210.9°F., and the melting point of distilled water at 32°F. Figure. 
12 shows the thermocouple calibration curve so obtained. The pressure 
transducer was calibrated against a Budenberg dead weight guage tester, 
number 2167, The pressure transducer calibration curve is presented 
in Figure 13, 
The chromatograph was also calibrated for each binary system 
studied. Standard samples were prepared first by choosing a total 
pressure to which the sample bomb was to be filled. The Redlich-Kwong 
equation of state was then used to determine the total number of moles 
in the sample bomb when.filled to this pressure. This number multi-
plied by the mole fraction of one component, A, gave the number of 
moles of that component in the standard sample. The Redlich-Kwong 
equation .was again used to determine the pressure to which the sample 
bomb needed to be filled with component A to give this number of 
moles. Then the sample bomb was filled to this pressure with component 
A. The other component was then introduced into the sample bomb until 
the pressure in the bomb reached the initially chosen value. Each 
standard was analyzed at least ten times on a gas chromatograph with 
a thermal conductivity detector. A ten foot by one-quarter inch 
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the separation. The area of each peak was measured by a Perkin-Elmer 
D2 integrator. After each analysis, the area of the peak of the light 
component was divided by the sum of the areas of the peaks for both 
components. The arithmetic mean of these ratios was taken for each 
standard sample and plotted as a function of the mole fraction of the 
light component i~ the standard. Figures 14, 15, and 16 are these 
plots for ethane in .propane, propane in normal butane, and propane 
























0 0.2 o.4 o.6 o.B 
Mole Fraction Ethane iri Propane 
Figure 14. Chromatograph Calibration Curve 





























0 0.2 o.4 o.6 o.8 
Mole Fraction Propane in Normal Butane 
Figure 15. Chromatograph Calibration Curve 
for the Propane and Normal 




































0 0.2 o.4 o.6 o.B 
Mole Fraction Propane in Isobutane 
Figure 16. Chromatograph Calibration Curve for 

































EXPERIMENTAL INTERFACIAL TENSION 
FOR PROPANE 
d 2 pl Pv e 3 (gm./cm. 3) H (gm./cm. ) 
0.00977 o:4580 0.0381 
0.01002 o.4580 0.0381 
0.00985 o.4580 0.0381 
0.00974 o.4580 0.0381 
0.00986 o.4580 0.0381 
0.00980 o.4580 0.0381 
0.00600 o.4100 0.0640 
0.00606 0 .4100 · 0.0640. 
0.00589 o.4100 0.0640 
0.00597 o.4100 0.0640 
0.00606 o.4100 0.0640 
0.00615 o.4100 0.'0640 
0.00617 o.4100, 0.0640 
0.00342 0.3570 0.0890 
0.00348 0,3570 0.0890 
0.00344 0.3570 0.0890 
0.00351 0.3570 0.0890 
0.00346 0.3570 0.0890 
0.00342 0,3570 0.0890 
0.00225 0.3410 0.1067 
0.00229 0.3410 0.1067 
0.00221 0.3410 0.1067 
0.00228 0.3410 0.1067 






















































EXPERIMENTAL INTERFACIAL TENSION FOR 
26% ETHANE 
74% PROPANE 
d d 2 pl p c ....L v . 3 
(cm) H (gm,/cm. 3) • (gm./cm. L 
0.09144 0;00,728 o.4141 0.0532 
0.09144 0.00711 o.4141 0.0532 
0,09144 0.00717 o.4141 0.0532 
0.09144 0.00729 o.4141 0.0532 
0.09144 0.00728 o.4141 0.0532 
0.09144 0.00757 o.4141 0.0532 
0.09144 0.00535 0.3847 0.0718 
0.09144 0.00510 0.3847 0.0718 
0.09144 0.00515 0.3847 0.0718 
0.09144 0.00501 0.3847 0.0718 
0.09144 0.00536 0.3847 0.0718 
0.09144 0.00515 0.3847 0.0718 
0.09144 0.00530 0.3847 0.0718 
0.09144 0.00534 0.3847 0.0718 
0.09144 0.00531 0,3847 0.0718 
0.05588 0.00614 0.3767 o. 0774 
0.05588 0.00549 0.3767 0.0774 
0.05588 0.00529 0.3767 O, 0774 
0.05588 0.00605 0.3767 0.0774 . 
0.05588 0.00516 0.3684 0.0833 
0.05588 0.00483 0.3684 0.0833 
0.05588 0.00419 0.3684 0.0833 




























EXPERIMENTAL INTERFACIAL TENSION FOR 
66~ ETHANE . 
34% PROPANE 
Temp. d d 2 p . p 
OF c _JL.. . 1 3 .·V . 3 y 
(cm) H (gm./cm. ) (gm.fem. ) Dynes/cm. · 
99,8 0.05588 0.00405· 0.3681 0.0743 1.17 
99.8 0.05588 0.00401 0.3681 0.0743 1.15 
99,8 0.05588 0.00435 0.3681 0.0743 1.25 
99.8 0.05588 0.00442 0.3681 0.0743 1.27 
· 99~8 0.05588 0.00520 0.3681 0.0743 1.50. 
99.8 0.05588 0.00519 0.3681 0.0743 · 1.49 · 
109.6 0.05588 0.00286 0.3490 0.0878 0.73 
109.6 0.05588 0.00282 0.3490 0.0878 0.72 
109.6 0.05588 0.00298 0.3490 0.0878 0.76 
109.6 0.05588 0.00286 0.3490 0.0878 0.73 
109.6 0.05588 0.00307 0.3490 0.0878 0.79 
114.7 0.05588 0.00297 · 0,3372 0.0964 0.70 
114.7 0.05588 0.00303 0.3372 0.0964 0.72 
114.7 0.05588 0.00254 0,3372 0.0964 0.60 
114 .. 7 0.05588 0.00290 0,3372 0.0964 o.68 
114.7 0.05588 0.00275 0.3372 0.0964 0.65 
120.0 0.05588 0.00236 0.3228 0.1072 0.50 
120.0 0.05588 0.00216 0.3228 0.1072 o.46 
120.0 0.05588 0.00224 0.3228 0.1072 o.47 
120.0 0.05588 0.00210 0.3228 0.1072 o.44 
120~0 0.05588 0.00213 0.3228 0.1072 o.45 
120.0 0.05588 0.00211 0.3228 0.1072 o.44 
122.1 0.05588 0.00153 0.3163 o.1u8 0.31 
122.1 0.05588 0.00144 0.3163 0.1118 0.29 
122.1 0.05588 0.00133 0.3163 0.1118 0.27 
122.1 0.05588 0.00147 · 0.3163 0.1118 0.30 













































EXPERIMENTAL INTERFACIAL TENSION 
FOR NORMAL BUTANE 
d 2 p p 
e ·l ,>V 3 ' 3 
H (gm./cm. ) (g!:(1,/cm. ) 
0.01799 0,5338 0.0128 
0.01759 0,5338 0.0128 
0.01774 0,5338 0.0128 
0.01769 0,5338 0.0128 
0.01750 0,5338 0.0128 
0.01762 0.5338 0.0128 
0.01502 0.519.8 0.0178 
0.01556 0.5198 0.0178 
0.01534 0.5198 0.0178 
0.01577 0.5198 0.0178 
0.01538 0.5198 0.0178 
0.01540 0.5198 0.0178 
0.01583 0.5198 0.0178 
0.01142 o.4725 0.0333 
0.01075 . o.4725 0.0333 
0.01084 o.4725 0.0333 
0.01126 o.4725 0,0333 
0.01125 o.4725 0.0333 
0.01068 o.4725 0.0333 
0.00879 o.4469 0.0450 
0.00866 o.4469 0.0450 
0.00858 o.4469 0.0450 
0.00867 o.4469 0.0450 
0.00912 o.4469 0.0450 
0.00595 o.4156 0.0621 
0.00598 o,4156 0.0621 
0.00602 o.4156 0.0621 
0.00585 o.4156 0.0621 
0.00578 o.4156 0.0621 
0.00302 0,3748 0.0865 
0.00320 0.3748 0.0865 
0.00305 0,3748 0.0865 
0.00290 0,3748 0.0865 
0.00235· 0.3556 0.1020 
0.00222 0,3556 0.1020 
0.00216 p.3556 0.1020 
0.00214 0.3556 0.1020 
0.00219 0.3556 0.1020 
0.00226 0.3556 0.1020 
















































































EXPERIME:tf'TAL INTERFACIAL TENSION FOR 
30% PROPANE 
70% 'NORJl.1AL BUTANE 
d d 2 p p 
c e ,1 3 ,V 3 
(cm) H (gm./ cm. ) (gm./cm. ) 
0.09144 0.01738 0.5162 0.0176 
0.09144 0.01743 0.5162 0.0176 
0.09144 0.01753 0.5162 0.0176 
0.09144 0.01723 0.5162 0, Ol'r6 
0.09144 0.01714 0.5162 0.0176 
0.09144 0.01792 0.5162 0.0176 
0.09144 o. 01'768 0.5162 0.0176 
0.09144 0.01456 o.494~ 0.0247 
0.09144 0.01450 o.4948 0.0247 
0.09144 0.01475 o.4948 0.0247 
0.09144 0.01479 o.4948 0.0247 
0.09144 0.01476 o.4948 0.0247 
0.09144 0.00968 o.4474 0.0453 
0.09144 0.00926 o.4474 0.0453 
0.09144 0.00916 o.4474 0.0453 
0.09144 0.00957 o.4474 0.0453 
0.09144 0.00938 o.4474 0.0453 
0.09144 0.00620 o.4168 0.0628 
0.09144 0.00654 o.4168 0.0628 
0.09144 0.00627 o.4168 0.0628 
0.09144 0.00630/ o.4168 0.0628 
0.09144 0.00635 o.4168 0.0628 
0.09144 0.00659 o.4168 0.0628 
0.09144 0.00668 o.4168 0.0628 
0.05588 0.00241 0.3786 0.0887 
0.05588 0.00248 0,3786 0.0887 
0.05588 0.00258 0,37~6 0.0887 
0.05588 0.00255 0,3786 0.0887 
0.05588 0.00241 0,3786 0.0887 
0.05588 0.00259 0.3786 0.0887 
0.05588 0.00108 0,3516 0.1099 
0.05588 0.00106 0.3516 0.1099 
0.05588 0.00101 0,3516 0.1099 








































































EXPERIMENTAL INTEJlFACIAL TENSION FOR 
73% PROPANE 
27% NORMAL BUTANE 
d 2 pl Pv e 
(cm) H 3 (gm. /cm. ) 3 (gm. /cm. ) 
0.05588 0.01104 o.4514 0.0396 
0.05588 0.01100 o.4514 0.0396 
0.05588 0.011.15 o.4514 0.0396 
0.05588 0.01055 o.4514 0.0396 
0.05588 0.01093 o.4514 0.0396 
0.05588 0.01113 o.4514 0.0396 
0.05588 0.01077 o.4514 0.0396 
0.05588 0.00735 o.4219 0.0554 
0.05588 0.00725 o.4219 0.0554 
0.05588 0.00731 o.4219 0.0554 
0.05588 0.00738 o.4219 0.0554 
0.05588 0;00702 o.4219 0.0554 
0.05588 0.00668 o.4219 0.0554 
0.05588 0.00686 o.4219 0.0554 
0.05588 0.00557 0,3913 0.0748 
0.05588 0.00597. 0,3913 0.0748 
0.05588 0.00375 0.3687 0.0908 
0.05588 0.00364 0.3687 0.0908 
0.05588 0.00372 0.3687 0.0908 
0.05588 0,00380. 0.3687 0.0908 
0.05588 0.00374 0.3687 0.0908 
0.05588 0.00176 0.3280 0.1233 
0.05588 0.00180 0.3280 0.1233 
0.05588 0.00168 0.3280 0.1233 
0.05588 0.00169 0.3280 0.1233 
O. 0'3588 0.00180 0.3280 0.1233 
0.05588 0.00156 0.3280 0,1233 
0.05588 0.00088 0.3080 0.1414 













































































EXPERIMENTAL INTERFACIAL TENSION 
FOR ISOBUTANE 
d 2 p p 
~ ,1 3 ,v 
H (gm./cm. ) (gm. /cm. 3) 
0.01459 o.4930 0.0170 
0.01431 o. 4930 0.0170 
0.01424 o.4930 0.0170 
0.01458 o.4930 o. orr:o 
0.01450 o.4930 0.0170 
0.01451 o.4930 0.01 TO 
0,01304 o,4735 0.0235 
0.01285 o.4735 0.0235 
0.01256 o.4735 0.0235 
0.01283 o.4735 0.0235 
0.01309 o.4735 0.0235 
0.01294 O. 4 735 0.0235 
0.01036 o.4517 0.0325 
0.01047 o.4517 0.0325 
0.01055 o.4517 0.0325 
0.01026 o.4517 0.0325 
0.00824 o.4267 0.0452 
0.00798 . o.4267 0.0452 
0.00780 o.4267 0.0452 
0.00770 o.4267 0.0452 
0.00763 o.4267 0.0452 
0.00806 o.4267 0.0452 
0.00500. 0.3974 0.0629 
0.00499 0.3974 0.0629 
0.00510 0.3974 0.0629 
o. 00496 0,3974 0.0629 
0.00504 0.3974 0.0629 
0.00277 0.3623 0.0890 
0.00272 o. 3623. 0.0890 
0.00259 0.3623 0.0890 
0.00274 0.3623 0.0890 
0.00125 0.3275 0.1214 
0.00122 0.3275 0.1214 
0.00125 0.3275 0.1214 
~,00118 0.3275 0.1214 
0.00121 0.3275 0.1214 
0~00125 0.3275 0.1214 
0,00129 0.3275 0.1214 
0.00115 0.3275 0.1214 



















































































EXPERIMENTAL INTERFACIAL TENSION FOR 
29% PROPANE 
71% ISOBUTANE 
d d 2 ~l p c ~ ,v 
(cm) 3 (gm./cm. 3) H (gm./cm. ) 
0.05588 0.01325 o.4832 0.0216 
0.05588 0.01319 o.4832 0.0216 
0.05588 0.01424 o.4832 0.0216 
0.05588 6.01362 o.4832 0.0216 
0,05588 0.01161 o.4611 0.0301 
0.05588 0.01153 o.4611 0.0301 
0.05588 0.01159 o.4611 0 .. 0301 
0.05588 0.01205 o.4611 0.0301 
0.05~88 0.00899 o.4384 0.0410 
0.05 88 0.00929 o.4384 0.0410 
0.05588 0.00915 o.4384 0.0410 
0.05588 0.00904 o.4384 0.0410 
0.05588 0.00630 o.4080 0.0585 
0.05588 0.00640 o.4080 0.0585 
0.05588 0.00640 o.4080 0.0585 
0.05588 0.00594 o.4080 0.0585 
0.05588 0.00606 o.4080 0.0585 
0.05588 0. 00604. o.4080 0.0585 
0.05588 0.00630 o.4080 0.0585 
0.05588 0.00626 o.4080 0.0585 
0.05588 0.00635 o.4080 0.0585 
0.05588 0.00359 0.3729 0.0836 
0.05588 0.00344 0,3729 0.0836 
0.05588 0.00337 0.3729 0.0836 
0.05588 0.00335 0.3729 0.0836 
0.05588 0.00331 0,3729 0.0836 
0.05588 0.00356 0.3729 · ·o. 0836 
0.05588 0.00353 0,3729 0.0836 
0.05588 0.00334 0,3729 0.0836 
or. 05588 0.00205 0.3472 0.1057 
0.05588 0.00208 0.3472 0.1057 
0.05588 0.00210 0.3472 0.1057 
0.05588 0.00196 0.3472 0.1057 
0.05588 0.00214 0.3472 0.1057 
0.05588 0.00200 0.3472 0.1057 









































TABLE XVII (Contim.i.ed) 
Temp. d d 2 B1 3 Pv OF c e . 3 'Y 
(cm} H (gm.I cm,, ) (gm. I cm. ) Dynes/cm. 
244.6 0.05588 0.00136 0.3258 0,1302 0.26 
244.6 0.05588 0.00133 0,3258 0.1302 0.25 
244.6 0.05588 0.00140 0.3258 0.1302 0.27 
244.6 0.05588 0.00125 0.3258 0,1302 0.24 
244 .. 6 0.05588 0.00134 0.3258 0.1302 0.26 
244.6 0.05588 0.00138 0.3258 0.1302 0.26 
244.6 0.05588 0.00136 0.3258 0,1302 0.26 
244.6 0.05588 o. 00131 · 0.3258 0.1302 0.25 
244.6 0.05588 0.00139 0.3258 0.1302 0.27 













































EXPERIMENTAL INTERFACIAL TENSION FOR 
70% PROPANE 
30% ISOBUTANE 
d d 2 ~l Pv c· e 
(cm) -· ' . 3 ' 3 H (gm.,/cm. ) (gm./cm. ) 
0.05588 0.01162 o.4626 0.0304 
0.05588 · 0.01171 o.4626 0.0304 
0.05588 0.01168 o.4626 0.0304 
0.05588 0.01231 o.4626 0.0304 
0.05588 0.01114 o.4626 0,0304 
0.05588 0.01181 o.4626 0.0304 
0 .. 05588 0.01:1,28 o.ti.626 0.0304 
0.05588 0.00876 o.4374 0.0421 
0.05588 0.00884 o.4374 0.0421 
0.05588 0.00888 o.4374 O .. 0421 
0.05588 o.oo8;r6 o.4374 0.0421 
0.05588 0.00921 o.4374 0.0421 
0.05588 0.00647 o.4062 0.0601 
0.05588 0.00648 o.4062 0.0601 
0.05588 0.00671 o.4062 0.0601 
0.05588 0.00663 o.4062 0.0601 
0.05588 0.00645 o.4062 0.0601 
0.05588 0.00647 o.4062 0.0601 
0.05588 0.00648 .· o.4062 0.0601 
0.05588 0.00638 o.4062 0.0601 
0.05588 0.00369 0.3666 0.0884 
0.05588 0.00337 0.3666 0.0884 
0.05588 0.00361 0.3666 0.0884 
0.05588 0.00345 0.3666 0.0884 
0.05588 0.00348 0.3666 0.0884 
0.05588 0.00358 0.3666 0.0884 
0.05588 0:00339 0.3666 0.0884 
0.05588 0,00353 0.3666 0.0884 
0.05588 0.00164 0,3319 0.1206 
0.05588 0.00169 0,3319 0.1206 
0.05588 0.00164 0,3319 0.1206 
0.05588 0.00164 0.3319 0.1206 
0.05588 0.00168 0.3319 0.1206 
0.05588 0.00115 0.3182 0.1397 
0.05588 0.00115 0.3182 0.1397 
0.05588 0.00120 0.3182 0,1397 
0.05588 0.00100 0.3147 0.1421 
0.05588 0.00100 0.3147 0.1421 
0.05588 0.00098 0.3147 0.1421 
0.05588 0.00101 0.3147 0:.1421 
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Estimate of Errors 
Expressions for the most probable value of error in interfacial 
tension as a result of experimentally determined quantities were 
developed by Deam ( 3) • Since the: method of measuring the drop diame-
ters and the correlations used to determine the density difference in 
this work were similar to those of Deam, these expressions were adopted 
for use in this work, The expressions for errors in interfacial tension 
resulting from errors in the gravitational constant, the density dif-
ference, the equatorial diameter, an~ the selected plane diameter. were 
given as shown in Equations (8), (9), (10), and (11), respectively. 
Gravitational constant: 
Y = (~.r.) cS g = , ( Lip ( l ) d 2 ) cS 
g ag H e g 
= ( r. )cS 
g g 
Density difference: 
(g( 1 )d 2)0A 
H e up 
Equatorial .diameter: 
Selected plane diameter: 







The most probable error in interfacial tension given as a function 
of these errors is shown in Equation (12). 
b.y = 
(12) 
Typical values of the experimentally measured quantities were used to 
compute the most probable error in interfacial tension from this 
equation. The errors in these quantities were the smallest errors that 
reasonably could be expected. The values for a set of data from the 
seventy per cent propane in isobutane binary are 
d = 0.1170 cm. e 
d 0.0889 s. = cm. 
b.p = 0,3953 gm./c.c. 
980 cm./sec. 2 g = 
y = 3.44 dynes/cm. 
The following uncertaities were assumed: 
6 O cm./sec. 2 = 
6t.p = 0.01 gm./c.c. 
od = 0.001 cm. 
e 
od = 0.001 cm. 
s 
The most probable value of error in interfacial tension computed from 
Equation (12) is 
68 
6y = 0.19 dynes/cm. · 
For the data point considered, 
y = 3.44 + 0.19 dynes/cm. 
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